Introduction
============

Prostate cancer treatment protocols include active surveillance, also called watchful waiting; hormone therapy with such compounds as luteinizing hormone-releasing hormone agonists; external or interstitial radiation therapy; cryotherapy, which involves *in vivo* freezing of cancer cells; chemotherapy with such drugs as DOC; and radical prostatectomy [@B1]. No single therapy is effective for many patients and treatment frequently involves combined therapies because the cancers develop resistance to the treatment(s). Despite the intense research effort, optimal treatment for Castration-Resistant Prostate Cancer (CRPC) with minimal side effects is lacking. High morbidity and mortality rates remain a significant challenge especially in older patients.

DOC, an injectable antimitotic drug used as a first line therapy in advanced CRPC, inhibits mitosis by binding microtubules. DOC is usually given in combination with prednisone or mitoxantrone for men with symptomatic CRPC [@B2]-[@B4]. Although patients experience significant survival and palliative benefits, DOC\'s dose-limiting side effects increase patients\' anguish. These effects include hypersensitivity reactions, fluid retention, mucositis, neuropathy, myalgia, alopecia, nausea, nail changes, and vomiting [@B5]. The reduction of drug side effects and chemoresistance by combination therapy remains, therefore, an important research effort [@B6].

Previous studies showed the antitumor and health-promoting effects of fish derived (n-3) long-chain polyunsaturated fatty acids [@B7]-[@B9]. For example, treatment of PCa cells with eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) induces cell cycle arrest and apoptosis [@B10] and decreases prostate tumor growth *in vivo* [@B11]. The omega-3 fatty acid SDA (18:4 \[n-3\]), an EPA and DHA precursor, decreases the proliferation index and increases apoptosis in xenograft PCa models [@B8], [@B12]. Tumor suppression by EPA and DHA appears to act via modulation of the nuclear transcription factors androgen receptor (AR) [@B13], nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and peroxisome proliferator-activated receptor-γ (PPAR γ) [@B14].

SDA (18:4\[n-3\]) is present in plants of the Boraginaceae family (e.g. seed oils from echium and borage). Previous work showed potential health benefits of SDA and other omega-3 polyunsaturated fatty acids including inhibition of cancer cell growth, enhancement of tumor sensitivity to radiation or chemotherapy or reduction of side effects [@B8], [@B9], [@B15]-[@B17]. We showed that SDA in combination with DOX (or Adriamycin, an anthracycline antibiotic), a chemotherapeutic drug used in treatment of numerous cancers, increases cell death in PCa cell lines compared to treatment with DOX alone [@B17]. Here, we report that DOC toxicity to human PCa cells is enhanced when it is combined with SDA. This observation is encouraging especially because SDA, like EPA and DHA [@B18]-[@B20], also increases EPA accumulation in the heart and has lipid lowering effects [@B21], [@B22]. SDA\'s cardiovascular protective benefits and its mitigation of DOC\'s side effects may be exploited in CRPC treatment.

Materials and Methods
=====================

Cell culture and reagents
-------------------------

Human prostate adenocarcinoma cell lines, PC3, DU145, LNCaP, immortalized normal prostate epithelial RWPE-1 cells, and 3-(4, 5-dimethylthiazol-2-yl)-2-5-diphnyltetrazolium bromide (MTT) cell viability kits were obtained from the American Type Culture Collection (ATCC, Manassas, VA). DMEM and RPMI-1640 with HEPES and L-Glutamine (with and without phenol red) and phosphate buffered saline (PBS) without calcium and magnesium were purchased from Lonza (Walkersville, MD). Keratinocyte-SFM defined media with growth promoting supplement for propagation of RWPE-1 was purchased from Gibco Life Technologies (Carlsbad, CA). Advantage and charcoal-treated fetal calf serums (FCS) was purchased from Atlanta Biologicals (Lawrenceville, GA). The PPARγ agonist Troglitazone and SDA (\#90320) were obtained from Cayman Chemical (Ann Arbor, MI). Trypsin-EDTA, penicillin-streptomycin antibiotics, and cell culture supplies were purchased from VWR International, LCC (Atlanta, GA). The following were purchased from Sigma (St Louis, MO): staurosporine (S6942), testosterone (T1500), DMSO (D8418), DOC (01885), Bay 11-7280 (B5556), and TNFα (SRP2102).Western blotting primary antibodies obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX) were: anti-AR (Sc-7305), anti-PPARγ (Sc-7273), and anti-caspase 3 (Sc-7272). Anti-caspase 9 (ab69514) and goat anti-rabbit IgG H&L (HRP) (ab6721) were purchased from Abcam (Cambridge, MA). Goat HRP- conjugated anti-mouse IgG was purchased from VWR (AC2115). DyLight 488-conjugated goat anti-rabbit IgG (Thermo Scientific, Rockford, IL) and Alexa Flour 568-conjugated goat anti-mouse IgG (Invitrogen-Life technologies, Grand Island, NY) were used to visualize primary binding in immunocytochemistry assays.

Cell maintenance
----------------

LNCaP, PC3, and DU145 cells were grown in DMEM or RPMI-1640 with HEPES and L-Glutamine media supplemented with 10% (v/v) FCS and 1% (v/v) streptomycin-penicillin (Life Technologies, Grand Island, NY). RWPE-1 cells were maintained in keratinocyte-SFM media containing bovine pituitary extract and human recombinant epidermal growth factor. Cell cultures were maintained in T-75 vented-cap tissue culture flasks at 37°C in a humidified incubator with a 5% CO~2~. For assays, cells were suspended with 0.25% Trypsin and counted using a TC-10 automated cell counter (Bio-Rad, Hercules, CA).

MTT cell viability assay
------------------------

Cells in logarithmic-phase growth were trypsinized and counted using a TC-10 automated cell counter. The effect of drug treatments on viability and/or proliferation was assessed using an MTT cell proliferation assay kit (ATCC® 30-1010K). Cells were seeded at 2 x10^4^ cells per well in 96-well plates and allowed to adhere overnight. The next day, the media were replaced with fresh media containing the appropriate drugs and following 72 hours incubation, 10 μl yellow tetrazolium MTT (5mg/ml) was added to each well. Plates were then incubated for an additional 3-4 hours at 37^0^C. Intracellular purple formazan crystals formed by metabolically active cells, are dissolved by the addition of 100 μl/well of ready-to-use detergent buffer (10% SDS in 0.01N HCl) over 5-6 hours at room temperature in dark. Color absorbance (OD) was determined at 570 nm using SpectraMax-Plus-384 microplate reader (Molecular Devices, Sunnyvale, CA). Each experiment was repeated three times.

Drug combination
----------------

DOC or SDA was dissolved in ethanol or DMSO and further diluted in charcoal-treated, phenol red free RPMI-1640 media to desired concentrations. Drug mixtures for calculation of CI values were based on the median effect analysis method [@B23]. Ten two-fold serial dilutions of working concentrations were prepared in charcoal-treated RPMI-1640 with five concentrations above and five concentrations below the calculated IC50 for each drug in each cell line. These ratios corresponded to 0.03, 0.06, 0.12, 0.25, 0.5, 1, 2, 4, 8, 16, 32 times the IC50 for each drug in each cell line. SDA/DOC mixtures were made using those ratios for each drug. Each concentration was tested in 8 replicas and the results were confirmed in at least three independent experiments.

NF-ĸB promoter activity assays
------------------------------

To test the effect of SDA and BAY on NF-κB activity, androgen-sensitive LNCaP cells were transduced with lentiviral vectors carrying NF-κB response element sequence upstream of the luciferase gene sequence. Cells were treated with vehicle, SDA, or TNFα alone or with TNFα in combination with SDA or Bay 11-7280. Firefly luciferase activity was measured using the Neolite Luciferase Assay System (PerkinElmer, Downers Grove, IL).

Invasion assay
--------------

PC3 cell migration was performed using 12-well Matrigel invasion chambers (Corning® BioCoat^TM^ Matrigel® Invasion Chamber, Discovery Labware, Inc., Bedford, MA). 4.5 X 10^4^ cells in 500 µl of DMEM containing 1% antibiotic with or without 50 µM SDA (Cayman Chemical, Ann Arbor, MI) were added to each of the upper chambers. The lower chambers contained 750 µl of DMEM media with 10% fetal bovine serum (FBS) and 1% antibiotic. The chambers were incubated at 37°C and 5% CO~2~ for 48 hours. The non-migrating cells were removed from the upper chamber with a cotton swab. The migrated cells in the Matrigel on the lower part of the chamber were fixed with 4% formaldehyde, permeabilized with 100% methanol, and stained with 0.5% crystal violet. Stained cells in four fields per Matrigel membrane were counted at 20X magnification.

Immunocytochemistry (ICC)
-------------------------

Cells were grown on Lab-Tek II 8-well chamber slides (VWR, Suwanee, GA) for 24 hours at 3 x10^5^ cells per well. Appropriate treatments were added and the next day cells were rinsed with phosphate buffered saline (PBS) and fixed in buffered 4% paraformaldehyde (30 minutes). After fixation, cells were rinsed in PBS and treated with absolute methanol for 10 minutes. Following equilibration in PBS, the cells were incubated for 10 minutes in blocking solution that was 5% normal goat serum, 2% bovine serum albumin (BSA) in PBS, pH 7.3 then incubated with primary antibody appropriately diluted in blocking solution overnight at room temperature. In each experiment, one well for each treatment group and cell line received no primary antibody to detect non-specific secondary antibody binding. Next day, the cells were washed and treated with secondary antibody appropriately diluted in blocker at room temperature for one hour. The slides were washed and mounted with Vectashield (Vector Laboratories, Burlingame, CA) that contained DAPI (Vector laboratories) to label cell nuclei. Slides were sealed with clear nail polish and examined with a Nikon Eclipse C1 2000-E confocal microscope. Z-stacks were acquired and rendered with Nikon EZ-C1 3.91 software. To facilitate signal intensity comparisons between treatment groups, images were acquired and processed as follows: the gain for each laser was adjusted to the positive control treatment well, which was scanned first. That value was then used for each z-stack acquisition for each treatment. The control well z-stack was rendered, and the saturation and dark levels were adjusted until a good quality image was obtained. Those values were used for subsequently rendered images of each treatment group.

Western blot analysis
---------------------

For detection of initiator caspase 9 and effector caspase 3 production by western blotting, 5 x 10^5^ PC3 cells were grown in 6 well plate and allowed to attach overnight. Next day, the cells were treated with the appropriate drug concentrations for 6 to 8 hours. Cells assayed for PPARγ and AR protein expression were treated for 48 hours. Attached and suspended cells were collected and lysed on ice with cold RIPA lysis buffer (Sigma, R0278) for 30 minutes and western blotting was performed as previously described [@B24]. Aliquots containing 25-µg of protein from treated or untreated cells were run on 10% precast SDS-PAGE gels (Bio-Rad) then transferred to nitrocellulose membranes using the Bio-Rad protocol. Membranes were blocked with 5% non-fat dry milk in TBS-T (1% Tween-20) buffer, probed with primary antibodies diluted appropriately in block buffer, then washed in TBS-T. Membranes were then incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies and signal was detected using the enhanced chemiluminescence system (E2400, Denville). Relative protein amounts were determined with Un-Scan-It software (Silk Scientific, Inc., Orem, UT, USA).

Data analyses
-------------

Data from luciferase and MTT viability assays were expressed as the mean ± SE. Data from the transfection assays were analyzed by one-way ANOVA followed by Dunnett\'s post hoc test (Graph Pad Prism 5.0, San Diego, CA). P\<0.05 was considered statistically significant. MTT data were analyzed by GraphPad Prism® to produce dose-response curves for SDA and DOC using nonlinear analysis. Combination index (CI) values were determined by the third generation \"CompuSyn\" software written by Nick Mart of MIT using the median-effect method [@B25]. The CI index was calculated using the following formula:

Where CA, X and CB, X are the concentrations of DOC and SDA used in combination to achieve X% drug effect. The ICX, A and ICX, B are the concentrations for single drugs (DOC or SDA) that achieve the same effect. Synergy is defined as CI \<1; additivity is defined as CI = 1; and antagonism is defined as CI\> 1.

To calculate drug effect, the mean OD values for each drug concentration was subtracted from the mean OD values of cells treated with vehicle and the resulting fractions (between 0-100%) were plotted against drug concentrations in logarithmic scale.

Results
=======

Determination of IC50 for SDA and DOC in LNCaP, PC3, and DU-145 cells
---------------------------------------------------------------------

To identify the SDA:DOC interaction as synergism, additive effect, or antagonism, we calculated the dose-effect curves for SDA and DOC applied singly to androgen-sensitive LNCaP and androgen-resistant PC3 and DU145 cells. This step generates the IC50\--the drug concentration causing 50% cell growth inhibition for each drug\--that is requisite for the CI calculation. CI\<1 indicates synergism, CI=1 indicates additive effect, and CI\>1 indicates antagonism.

Ten two-fold serial dilutions of each drug were used in the *in vitro* MTT experiments and data showed that SDA or DOC treatments inhibited proliferation of LNCaP, PC3 and DU145 cells with variable IC50 values. SDA IC50s were 556, 110, 150 µM in LNCaP, PC3 and DU145, respectively. DOC values were 296, 117, 507 nM respectively for the three cell lines (Fig. [1](#F1){ref-type="fig"}). Both drugs inhibited cell viability/proliferation of PC3 and DU145 cells to a greater degree compared to LNCaP cells.

Nontoxic concentrations of SDA and DOC did not affect proliferation of RWPE-1 prostate epithelial cells
-------------------------------------------------------------------------------------------------------

To determine the anti-proliferative effect of SDA and DOC on cells derived from normal prostate epithelium, we exposed RWPE-1 cells to concentrations of SDA or DOC alone and in combination. Concentrations of SDA and/or DOC were derived from the IC50 values calculated for each cell line and the two were mixed in constant ratios of DOC: SDA. For each cell line these values were: LNCaP (1:1878), PC3 (1:940), and DU145 PC3 (1:295). Treatment of RWPE-1 with DOC plus SDA did not significantly affect cell viability. SDA in concentrations ≤ 200 μM had no significant toxic effects on RWPE-1 when used alone. DOC or SDA alone caused significant cell death at 8 nM and 400 µM, respectively (Fig. [2](#F2){ref-type="fig"}).

SDA combined with low doses of DOC synergistically inhibited androgen-independent PC3 cell growth
-------------------------------------------------------------------------------------------------

We conducted cell viability assays on PC3 cells using the IC50 concentrations for each drug singly or in combination. The IC50 concentration of SDA or DOC caused approximately 50% cell death whereas SDA combined with DOC at the IC50 concentration for each caused more than 75% cell death (Fig. [3](#F3){ref-type="fig"}).

Combination of SDA and DOC synergistically caused death of androgen-independent PC3 and DU 145 prostate cancer cells
--------------------------------------------------------------------------------------------------------------------

To determine if SDA augments DOC-induced cell death in a synergistic or additive manner, we performed dose-effect MTT experiments using androgen-independent PC3 and DU 145 cells. Isobologram and CI analyses showed that the CI for drug combinations was \<1 in both cell lines (Table [1](#T1){ref-type="table"} and Fig [4](#F4){ref-type="fig"}). These observations demonstrated that the combination of SDA and DOC in low doses caused significantly greater cell growth inhibition compared with either drug alone.

SDA enhances the anti-apoptotic activity of DOC in PC3 cells
------------------------------------------------------------

DOC induces apoptosis in PCa cells via caspase dependent and independent mechanisms [@B26]-[@B28]. We asked if SDA affected apoptosis induction in PC3 cells and we used staurosporine (sigma, S6942) as positive control~~s~~. Staurosporine, an alkaloid extracted from the bacterium Streptomyces staurosporeus, induces apoptosis through both caspase-dependent and caspase-independent mechanisms [@B29]. Treatment of PC3 cells with SDA induces cleavage of procaspase 9 and activation of initiator caspase 9 (Fig [5](#F5){ref-type="fig"}-a), which is a pivotal step in the cascade leading to the initiator caspase 3 activation (Fig [5](#F5){ref-type="fig"}-b) and induction of apoptosis. The combination of SDA with DOC enhances that cleavage.

SDA inhibited PC3 human cell invasion/migration *in vitro*
----------------------------------------------------------

We used Matrigel invasion chambers to determine the effect of SDA on PC3 cell invasion. Following treatment with 50 µM SDA (1/2 of ICD50), PC3 cell migration was significantly inhibited over the 48-hour incubation period (Fig. [6](#F6){ref-type="fig"}).

SDA inhibited TNFα-induced NF-ĸB upregulation
---------------------------------------------

We showed previously that SDA suppresses NF-ĸB activity in androgen dependent LNCaP cells [@B17] . Here, we wanted to compare SDA effects with those of Bay 11-7082 (Bay), a pharmacological inhibitor of NF-ĸB. To that end, we transduced LNCaP cells with a lentiviral vector carrying the NF-ĸB response element and the firefly luciferase reporter gene. Experimental cells received TNFα with SDA or with Bay. Both SDA and Bay significantly reduced the reporter gene activity (Fig. [7](#F7){ref-type="fig"}). Twelve-hours after the treatment, NF-ĸB activated reporter gene activity was determined by measuring firefly luciferase activity, (p\<0.001).

SDA plus DOC synergistically down regulate troglitazone-induced PPARγ expression in PC3 cells
---------------------------------------------------------------------------------------------

One pathway by which EPA and DHA omega-3 fatty acids from fish induce apoptosis in cancer cells is via PPARγ activation [@B30], [@B31]. We hypothesized that SDA alone or in combination with DOC could activate PPARγ in PC3 cells that express high PPARγ levels compared to normal prostate epithelial cells [@B24]. TG-induced PPARγ was downregulated by either SDA or DOC and to a greater degree by SDA and DOC in combination as shown quantitatively by western blotting (Fig.[8](#F8){ref-type="fig"} A and B) and qualitatively by ICC (Fig. [8](#F8){ref-type="fig"}C).

SDA plus DOC synergistically down regulates testosterone-induced AR expression in LNCaP cells
---------------------------------------------------------------------------------------------

Mechanistic studies showed that fish-sourced omega-3 fatty acids inhibit the growth of androgen-dependent LNCaP cells by promoting the degradation of AR [@B32]. We hypothesized that SDA would counter AR protein expression induced by treating LNCaP cells with T. We selected LNCaP cells to address this hypothesis because we [@B24] and others previously showed that LNCaP cells, in contrast to PC3 cells, express high AR levels. We used western blotting to quantitatively assess the effect of SDA and DOC (Fig. [9](#F9){ref-type="fig"}A and B) and to qualitatively assess that effect by ICC (Fig. [9](#F9){ref-type="fig"}C). Both SDA and DOC significantly downregulated T-induced AR protein expression and the two in combination down regulated AR expression significantly more than either compound alone.

Discussion
==========

We treated cells from four human prostate derived cells lines with SDA and DOC, singly or in combination, to document the effects those drugs have on the several cell types. SDA or SDA plus DOC in non-toxic concentrations have minimal effects on RWPE-1 cells, which are derived from normal human prostate epithelial cells. SDA and DOC together have synergistic effects on LNCaP, PC3, and DU 145 cells as determined by the Chou-Taladay method [@B33]. SDA and DOC induce apoptosis initiator caspase 9 and effector caspase 3. SDA and DOC in combination suppress troglitazone-induced PPARγ in PC3 cells and the testosterone-induced androgen receptor in LNCaP cells. SDA alone suppresses PC3 cell invasion and migration and block TNFα-induced NF-ĸB activity in stably transduced LNCaP cells. The toxic effect of SDA on PC3 and DU 145 cells and lack of significant SDA toxicity to normal RWPE-1 cells suggest that SDA produces cancer specific anti-proliferative effects.

The mechanism by which SDA induces cell death in the PCa cell lines studied here is unclear. A likely mechanism is interference with NF-ĸB, a constitutively active transcription factor in many cancers including PCa [@B34], [@B35]. We therefore asked what effect SDA had on NF-ĸB activity. The rationale for the comparison stems from the observation that NF-ĸB inhibition by the apoptosis-inducing antitumor drug nitrosylcobalamin (NO-Cbl) potentiates the anticancer effect of Apo2L/TRAIL, which is a TNFrelated apoptosisinducing ligand that triggers fast apoptosis in many cancer cell types but not in normal cells [@B36]. Further, some chemotherapeutic agents, including DOC, induce NF-ĸB activity in PCa cells and contribute to DOC-chemotherapeutic resistance (28). A recent study showed that down regulation of NF-ĸB by plant-derived compounds similar to SDA such as genistein, an isoflavone in soybeans, potentiate the chemotherapeutic effects of DOC in several cancer-derived cells, including androgen-resistant PC3 cells [@B37]. Our data show that SDA compares favorably with BAY, a pharmacological inhibitor of NF-ĸB. This finding provides a rationale for using SDA in combination therapy for prostate\--and possibly other\--cancer(s) that express high NF-ĸB levels.

NF-ĸB signaling is a well-established conduit for resistance to apoptosis and for propagation of angiogenesis and invasiveness in androgen-resistant PCa cells [@B38], [@B39]. Inhibition of NF-ĸB by SDA may have contributed to the decreased cell migration/ invasion seen in the androgen resistant PC3 cells. The potentiation of cell death by SDA and DOC in combination may also be mediated by SDA-induced NF-ĸB inhibition; direct induction of apoptosis; and inhibition of P-gp by SDA [@B15]. P-gp is an efflux transporter of toxic compounds from cells and by inhibiting P-gp, SDA would cause increased DOC accumulation within cancer cells and would thereby potentiate DOC\'s antitumor activity.

The Isobologram and CI analyses showed that the CI for drug combinations was \<1 in both the PC3 and DU 145 cell lines except for one combination point in PC3 cells and 3 points in DU 145 cells. These data showed CI slightly higher than 1 but at Fa ˂ 0.5. As indicated in the legend for Fig. [4](#F4){ref-type="fig"}, this effect is less relevant to therapy than high Fa, i.e. ˃ 0.5 since cancer cell death in small numbers is less useful in therapy. Nonetheless, these data should be interpreted with caution because the results are from *in vitro* studies.

The synergistic effects of SDA and DOC in cell killing and the decrease in PC3 cell migration by SDA cannot be entirely explained by SDA\'s inhibition of NF-ĸB. It is conceivable that SDA treatment blunted other tumor promoting factors associated with cell migration or the development of resistance to DOC. For example, we reported previously that SDA treated canine lymphoid tumor cells show enhanced sensitivity to vincristine and DOX, which are widely used chemotherapeutic drugs for treatment of lymphoma and other cancers [@B15]. Further, the decreased cell migration/invasion of SDA treated PC3 cells likely involves inhibiting genes responsible for initiating cell migration and invasiveness like E-cadherin. This possibility requires further investigation.

The piscine omega-3 fatty acid DHA induces apoptosis by activating PPARγ [@B40], [@B41]. We therefore hypothesized that SDA likewise induces cell death via PPARγ and subsequent apoptosis [@B42]. Contradicting the hypothesis, our data show an inhibition of TG-induced PPARγ by SDA treatment. Supporting the accuracy of that observation is the report that SDA does not activate PPARγ in transfected hepatocyte cells [@B17] . Based on these observations, we presume that SDA reverses the suboptimal effect of, and resistance to, DOC by several mechanisms that include potentiation of apoptosis, inhibition of tumor promoting nuclear factors NF-κB and AR, and increased expression of the P-gp efflux transporter (see Fig. [10](#F10){ref-type="fig"}).

Our data also show that SDA treatment down regulates AR protein expression in LNCaP cells treated with T, an AR agonist. This finding agrees with previous reports showing the DHA-induced inhibition of hormone-dependent PCa cell growth through degradation of the AR protein [@B32]. The greater downregulation of AR receptor protein by SDA-DOC combination compared to each drug alone suggests utility of this combination for both androgen deprivation therapy and for chemotherapy. For example, recent data from the National Institutes of Health showed that the median survival in men given androgen deprivation therapy (ADT) plus DOC was 13.6 months longer than with ADT alone with 85 PCa deaths in the combination group compared to 114 in the ADT-alone group [@B43].

Overall, the capacity of SDA to down regulate three nuclear factors (NF-κB, PPARγ, and AR) in this study is noteworthy and deserves further study. In a variety of human cancers including PCa, the major perpetrators mediating development of chemoresistance are upregulation of NF-ĸB [@B44], [@B45], continued signaling from the AR [@B46], and multidrug resistance genes [@B47]. Previously, our group showed that SDA-mediated chemosensitization of VCR and DOX was associated with SDA inhibition of P-gp, an ATP-binding cassette transporter that functions as cell protector by extruding toxins and xenobiotics from cells. Inhibiting P-gp efflux activity by SDA will lead to enhanced accumulation of the chemotherapeutic drug(s) and consequently increased anticancer efficacy.

In summary, findings from this study showed that the combination of SDA, a plant-based omega-3 dietary fatty acid, and DOC has synergistic and differential killing effect on human PCa-derived cells. The cytotoxic effects of SDA or SDA plus DOC combinations on cells derived from normal human prostate epithelial cells were minimal. These data suggest that SDA has cancer dependent anti-proliferative effects and could be combined with DOC to reduce the dose of DOC necessary to produce significant human PCa cell death. Dietary supplementation with fish- or plant-based omega-3 fatty acids alone is unlikely to treat or prevent cancer [@B48]. However, the combination of SDA and chemotherapy could lower the toxicity of chemotherapy by allowing lower doses of toxic chemotherapeutic drugs. The use of a dietary supplement to reduce the toxicity of chemotherapy is deeply appealing because of its potentially wide applicability to common cancers like breast, ovarian, colon, lung cancer, and PCa where chemotherapy is the mainstay treatment. Our data warrant further study in an animal model to investigate the anti-proliferative effects of SDA, both alone and in combination with DOC, on prostate tumors.
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![Calculation of IC50 for SDA and DOC using MTT-dose response curves expressed as the log of inhibition vs viability/proliferation of LNCaP, PC3, and DU 145 cells. Dilutions of SDA or DOC are two-fold. SDA IC50s were 556.2, 110.6, 150 µM and DOC IC50s were 296.4, 117, 507.6 nM for LNCaP, PC3 and DU145 cells, respectively.](jcav09p4536g001){#F1}

![MTT RWPE-1 proliferation results of three experiments. Nontoxic SDA concentrations have no significant effect on RWPE-1 viability when used alone or combined with DOC in constant ratios of DOC: SDA in LNCaP (1:1878), PC3 (1:295), and DU145 (1:940) cells. Significant DOC toxicity occurred at ≥ 8 nM and SDA toxicity was observed at ≥ 400 µM.](jcav09p4536g002){#F2}

![MTT cell proliferation assays showed that SDA potentiated DOC inhibition of PC3 cell growth. SDA synergistically enhanced DOC\'s cytotoxicity to PC3 cells when the two drugs were combined at the IC50 concentration equivalent for each drug.](jcav09p4536g003){#F3}

![CI analysis of SDA and DOC in androgen-independent PC3 and DU145 cells based on the Chou and Talalay combination index theorem. Stimulation at Fa ˂ 0.5 showed data points with CI \>1, which indicate antagonism. This effect is less relevant to therapy than high Fa ˃ 0.5 since cancer cell death in small numbers is less useful.](jcav09p4536g004){#F4}

![**(A)** Western blot analysis of caspase cleavage in PC3 cells. (A) Ethanol vehicle (lane1); SDA at 50 μM (lane 2); combination of 50 μM SDA and 0.117μM DOC (lane 3); 0.117μM DOC (lane 4); Staurosporine (lane 5, positive control); Both SDA and DOC induced pro-caspase 9 cleavage (lanes 2 and 4) but the combination of SDA and DOC augmented procaspase 9 cleavage (lane 3). **(B)** Cleavage of procaspase 3 and activation of initiator caspase 3. Ethanol vehicle (lane1), SDA or DOC alone (lanes 2 and 3) and SDA and DOC in combination (lane 4). Staurosporine (lane 5, positive control).](jcav09p4536g005){#F5}

![Representative data of Matrigel invasion chamber assay. Pretreatment of PC3 androgen-independent human PCa cells with 50 μM SDA caused 52% invasion reduction compared to the control (P\<0.0048).](jcav09p4536g006){#F6}

![Luciferase assay showing that SDA inhibits TNFα activation/induction of NF-κB in LNCaP cells. Treatment groups received media, the carrier ethanol, TNFα, SDA, TNFα plus SDA, or TNFα plus BAY 11-7082.](jcav09p4536g007){#F7}

![**(A-C)** SDA and DOC synergistically inhibited TG-induced PPARγ protein expression in PC3 cells. **(A)** PC3 cells were treated with TG PPARγ agonist (lane 1); SDA plus TG (lane 2); DOC plus TG (lane 3); SDA plus DOC plus TG (lane 4); media (lane 5). **(B)** Quantitative analysis of western blots (n=3) in A. **(C)** Qualitative analysis of PPARγ by ICC of treatments in (A). Nuclei were labeled with DAPI. Positive control showing nuclear PPARγ signal (panel 1); SDA+TG (panel 2); DOC+TG (panel 3); SDA+DOC+TG (panel 4); no anti-PPARγ antibody (panel 5).These data showed an inhibition of TG-induced PPARγ by SDA or DOC and as well as the two in combination.](jcav09p4536g008){#F8}

![SDA plus DOC down regulated T-induced AR protein expression in LNCaP cells. **(A)** LNCaP cells were treated with T plus SDA (lane 1); T plus DOC (lane 2); T plus SDA plus DOC (lane 3); T (lane 4) or media (lane 5). **(B)** Quantitative analysis of western blots (n=3). **(C)** Qualitative analysis of AR by immunocytochemistry of treatments in (A). LNCaP cells were treated with drugs and labeled for AR. T+SDA (panel 1); T+ DOC (panel 2); T+SDA+DOC (panel 3); positive control showing strong nuclear AR localization (panel 4); no anti-AR antibody (panel 5). Panels 1-3 show reduced nuclear AR signal suggesting inhibition of T-induced AR by SDA, DOC, and the two in combination.](jcav09p4536g009){#F9}

![Proposed pathway of antitumor effects of SDA in PCa cells. The antitumor effect of SDA seems to be mediated by several mechanisms that include: (1) inhibition of NF-κB and AR nuclear factors that promote PCa cell growth and inhibit apoptosis; (2) production of apoptosis initiator caspase 9 and subsequent activation of the effector caspase 3, which suggests apoptosis through the intrinsic mitochondrial pathway; (3) inhibition of P-glycoprotein (P-gp) or ABCB1 drug efflux transporter encoded by the MDR1 gene causing increased intracellular accumulation of DOC. The effect of SDA on P-gp is supported by our group\'s previous study [@B15] that showed inhibition of P-gp in HEK293 cells that stably expressed P-gp.](jcav09p4536g010){#F10}

###### 

CI values for SDA plus DOC in androgen-resistant PC3 and DU145 cells at ED50, ED75, ED90 and ED95.

                  Combination index (CI) at 50-95% effect                       
  ------- ------- ----------------------------------------- --------- --------- ---------
  PC3     1:950   0.43829                                   0.29954   0.28227   0.29464
  DU145   1:295   0.65394                                   0.47177   0.22676   0.10819

CI \< 1 indicates synergism; CI \> 1 indicates antagonism; and CI = 1 indicates additive effect. CI is obtained by dividing SDA IC50a/ DOC IC50b.
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